Most questions in cell kinetic studies can be answered utilizing single labeling methods with labeled thymidine (TdR). The labeling index, i.e., the number of labeled cells, which means the number of cells in DNA synthesis phase, related to all cells at the time of application of labeled TdR, gives an overall estimate of the proliferative activity of the tissue studied. The percent labeled mitoses (PLM) method, i.e., the passage of labeled S phase cells through successive mitoses, enables us to measure the duration of the cycle and its phases. The continuous labeling method shows whether all cells or only part of the cells proliferate.
'Presented in part at the AUTORADIOGRAPHY WORKSHOP on April 11, 1980 , as part of the program at the annual meeting of the Histochemical Society, held in New Orleans, Louisiana, April 11-15, 1980. In this way an S-phase duration of about 10 hr and a cycle time of about 20 hr was found for glial cells in the adult untreated mouse. An exchange of glial cells between the growth fraction and the nongrowth fraction has also been shown by double labeling. A quite different application of the double labeling method with 3 H-and '"C-TdR is the in vivo study of the cell cycle phase-specific effect of drugs used in chemotherapy of tumors. Up to now studies of the effect of cytotoxic drugs on cells in different cycle phases were confined to in vitro experiments, since such studies need synchronized cells. However, the double labeling method, which leads to well-defined subpopulations of differently labeled cells in different phases of the cycle, allows such studies to be carried out under in vivo conditions. The effect of vincristine on these cells has been studied. Vincristine affects cells in S and G 2 in such a manner that they are arrested during the next metaphase and subsequently become necrotic. It has no effect on G, cells. KEY WORDS: Autoradiography; Cell kinetics; Double labeling.
The duration of the cycle and the S phase can be determined by this method as well. Finally the mean grain number per nucleus gives information on the DNA synthesis rate per cell (under certain conditions). The number of cell divisions as a function of time after application of TdR can also be derived from the decrease of the mean grain count.
However, when these methods cannot be applied or additional information is needed, a very potent method can be used, namely, the double labeling method with 3 H-and "C-TdR. Figure 1 is a schematic representation of the principle of this method. Animals receive an initial injection of 3 H-TdR and, for instance, 1 hr later, a second injection of "C-TdR or vice versa. All cells of the cell kind studied that are in S 0 X1
Principles of the Double Labeling Method
'HI n 0 hr : 3 H TdR x 1 111 hr uC-TdR /////i, "C ////i "C ('H'C) 'H Figure 1. Scheme of double labeling with 3 H-and 14 C-thymidine. First injection of 3 H-TdR followed 1 hr later by a second injection of "C-TdR. This double labeling results in a 1 hr wide subpopulation of purely 14 C-labeled cells at the beginning of S and a corresponding subpopulation of purely 3 H-labeled cells in G 2 . phase at the time of the first injection become 3 H-labeled. During the time interval between the two injections the 3H-labeled cells at the end of the S phase leave the S phase and enter G 2 . On the other hand unlabeled G, cells enter the S phase during the interval between the two injections. All cells that are in S at the time of the second injection become "C-labeled. Consequently, there are 3 groups of differently labeled cells after double labeling: purely 3 H-labeled cells that have left the S phase between the two injections, purely "C-labeled cells that have entered S between the two injections, and double labeled cells that were in S at both times of injection.
Provided the 3H-TdR activity is much higher than the "C-TdR activity (a factor of 20-80), the three categories of differently labeled cell nuclei can be distinguished quantitatively by two emulsion layer autoradiographs (Schultze et al., 1976) . Figure 2 depicts differently labeled nuclei of squashed jejunal crypt cells of the mouse. Since the differently labeled cells can be quantitatively distinguished, the double labeling method can be successfully applied in determining 1. the duration of S phases 2. cell fluxes at the beginning and end of the S phase 3. cycle times with high precision 4. sensitivity to drugs, X-rays etc. of cells in different cycle phases.
In the following the multiple applicability of the double labeling method will be demonstrated with three examples.
Determination of the Duration of the Cycle and its Phases by the Percent Labeled Mitoses Method Modified by Double Labeling with 3-H-and
14-C-TdR
The most frequently applied method for measuring the duration of the cell cycle and its phases is the percent labeled mitoses (PLM) method introduced by Quastler and Sherman (1959) . The upper curve in Figure 3 is an example of such a PLM curve for the jejunal crypt cells of the mouse. For this purpose the animals receive a single injection of 3 H-TdR, which leads to labeling of all cells that are in S. The passage of the labeled S phase cells through the next and the following mitoses is then studied by counting the percentage of labeled mitoses on autoradiographs as a function of time after labeling. This results in the wellknown PLM curves (see Figure 3 , upper curve). The width of the first peak at the 50% level or the area under the first peak (Gerecke, 1970) represents the mean duration of S (8 hr). From the time differences between the two labeled mitoses curves, the mean cycle time can be derived (14 hr). In order to determine the cycle time the two curves must not overlap. However, the PLM method does not work, when the duration of the cycle and its phases varies considerably. This is usually the case with tumor cells, hence, the two waves of the PLM curve are not well separated.
In order to be able to determine the duration of the cycle and its phases in these cases, we modified the usual PLM method of a single injection of 3 H-TdR by double labeling with 3 H-and 14 C-TdR (Schultze et al., 1972 (Schultze et al., , 1979 . The curve in the lower part of Figure 3 is an example of a PLM curve modified by double labeling using the jejunal crypt cells of the mouse. These double labeling experiments were carried out as described above, with a time interval of 2 hr between the two injections, thereby creating a subpopulation of purely 3 H-labeled cells in G 2 spanning 2 hr and another subpopulation of purely 14 C-labeled cells at the beginning of S spanning 2 hr. The passage of these two subpopulations through the succeeding mitoses was followed by counting the percentages of purely 3Hand purely "C-labeled mitoses, as a function of time after double labeling, on double-coated autoradiographs.
The solid line in the lower curve of Figure 3 represents the percentage of purely 3H-labeled mitoses. This curve shows an initial symmetrical peak that is only 2 hr wide and has an area of 2 hr, as would be expected for a 2 hr wide cell population. The passage of these purely °Hlabeled cells through the next mitosis results in a flatter and broader peak that, however, is sharply limited at both ends. From the time difference of these two peaks a more exact value for the mean cycle time can be derived than from the upper curve. The resolution is much better. Furthermore, from the relative broadening of the second peak compared to the first one the variance in the cycle time can be derived.
The dashed line in the lower curve of Figure 3 represents the percentage of purely "C-labeled mitoses. Compared to the purely 3H-labeled cells, the purely "C-labeled cells must first pass through the entire S phase before they reach mitosis. One S phase interval after the first peak of purely 3 H-labeled mitoses a flatter peak of purely "Clabeled mitoses appears. From the distance between the first peak of purely 3 H-labeled mitoses and the first peak of purely "C-labeled mitoses a more exact value for the mean duration of the S phase can be derived. A comparison of the broadening of the first peak of purely "Clabeled mitoses to the first peak of purely 3 H-labeled mitoses yields the variance of the S phase duration. In this way the variance of the S phase duration can be measured experimentally in one step.
Besides being able to derive exact values for the mean duration of the cycle and its phases, as well as the variances of these durations, this double-labeling PLM curve leads to two important conclusions. If the variances of the transit times of the cells through the different waves of labeled mitoses are plotted as a function of these transit times, as shown in Figure 4 , a linear relationship is obtained between the variances and the corresponding transit times or mean durations of the phases. This linear relationship implies that the variances of two successive cycle phases are additive. This leads to the important conclusion that the transit times of the cells through two successive cycle phases are uncorrelated. Thus, a cell that passes quickly through one cycle phase does not necessarily pass quickly through the next one. This lack of correlation, however, is an implicit assumption in most of the mathematical models applied to the computer analysis of PLM curves that has had previously lacked experimental support. This linearity also means that the variance of the transit time through any phase of the cycle is proportional to the mean duration of the corresponding cycle phase. Thus, the variance of the transit time of the cells in a 1 hr interval anywhere in the cycle is the same. The common assumption that the variance of the G, phase is greater (more than proportional) than that of other cycle phases is not true-at least not for the jejunal crypt cells of the mouse. For details see Schultze et al. (1979) .
Determination of Cell Kinetic Parameters of Glial Cells in the Brain of the Adult Untreated Mouse by Double-Labeling Methods using 3-H-and 14-C-TdR Particularly in the case of the proliferation of glial cells in the brain of the adult untreated mouse the double labeling method has led to results that would never have been obtained by other methods. There are so few proliferating glial cells in the adult animal that only recently have cell kinetic parameters been established. The commonly used cell kinetic method, the PLM method, cannot be applied due to the paucity of mitoses in the brain of the adult animal; only about 2-5 mitoses can be observed in the entire cross section of the mouse forebrain, even if perfusion fixation is applied. For this reason the S-phase duration was measured by double labeling with 3H-and 14 C-TdR and was found to be about 10 hr (Korr et al., 1973) .
To determine the cycle time was much more difficult. From other experiments, namely the grain count halving method, a surprisingly short cycle time of about 20 hr was derived . However, this method provided only a rough estimate of the cycle time. The cycle time was, therefore, measured by an independent method, which in analogy to the PLM method can be called the "method of labeled S phases" . With this method the passage of the labeled S-phase cells are studied not through the next mitosis but through the next S phase. This S phase can be made recognizable by labeling with 14C-TdR. The method is based on interphase cells rather than mitoses, and there are about 10-20 times more labeled interphase cells than mitoses. However, it is obvious that with a 10 hr S-phase population and a window of the same width, no sharp peaks can be obtained. Thus, in order to get a more narrow population of labeled cells we used a maneuver whereby-in a certain sense-a 4 hr portion of the 10 hr S phase population was cut out by double labeling. Figure 5 is a schematic representation of the procedure. The animals received an initial injection of 3 H-TdR and 4 hr later a second injection of "C-TdR. This leads to a 4 hr wide subpopulation of purely 3 H-labeled cells in G2 (uppermost row in Figure 5 ). The passage of those purely 3H-labeled cells through the next S phase was then studied. The position of the S phase is indicated by the hatched area and is based on knowledge of the duration of G2 + M (first appearance of labeled glial cell pairs) and of S (determined by double labeling). In order to recognize the next S phase, "C-TdR was injected at different time intervals following double labeling. The animals were always killed 1 hr later. As long as the purely 3 H-labeled cells have not yet reached the next S phase, an injection of 14C-TdR will not result in "C-labeling of these cells. The cells remain purely 3H-labeled. If the purely 3 Hlabeled cells are within the next S phase, they will become double labeled by injecting 14C-TdR. In the lower part of Figure 5 the ratio of purely 3H-labeled to double-labeled cells is plotted as a function of time after the injection of 3 H-TdR. Because the number of purely 3 Hlabeled cells fluctuates greatly from animal to animal, the results are presented as the ratio of purely 3 H-labeled to double-labeled cells. This ratio of purely 3H-labeled to double-labeled cells initially increases, since during the next mitosis the purely 3 H-labeled cells are the first to divide. As soon as the purely 3H-labeled cells reach the next S phase this ratio decreases, and it should reach zero when all purely 3 H-labeled cells are within the next S phase. However, in a steady state system, on the average, one of the two daughter cells always leaves the proliferating pool after mitosis. Therefore, not all purely 3 H-labeled cells will enter the next S phase. As soon as the proliferating purely 3 H-labeled cells leave the S phase again the ratio of purely 3 H-labeled to double-labeled cells increases. The solid line in Figure 5 As Figure 5 demonstrates the measured values agree quite well with the theoretical curve. If such a theoretical curve is calculated for other cycle times, like 16 or 24 hr, there is no agreement at all with the measured values. Thus, it can be concluded based on determinations by two independent methods (grain count halving and labeled S phases) that the cycle time of glial cells in the brain of the adult mouse is indeed about 20 hr.
Glial cells in the brain of the adult untreated mouse have a labeling index of only 0.2% and a growth fraction of only 0.4%, which mean 99.6% are nonproliferating cells. However, the few cells that proliferate divide about every 20 hr.
Two independent methods (grain count halving and labeled S phases) have shown that proliferating cells leave the proliferating pool and enter the nongrowth fraction. On the other hand it could be shown experimentally by double labeling that nonproliferating glial cells enter the proliferating pool. Figure  6 schematically presents the experiments that have led to this conclusion. Mice received a continuous infusion of "C-TdR for 24 hr in order to label all proliferating glial cells. Theoretically all proliferating glial cells should be labeled after a continuous infusion with "C-TdR over a period of about 10 hr, i.e., the cycle time minus the duration of S. However, in order to be sure that all proliferating glial cells become labeled (to include those cells with greater variations in cycle time), we extended the continuous infusion over 24 hr. One day after the end of the "C-TdR infusion a single injection of 3 H-TdR was administered. What is to be expected? All proliferating glial cells are "C-labeled. These cells either continue to proliferate or stop proliferating as discussed above. However even the cells that stop proliferation remain 14C-labeled. Those cells that continue to proliferate become double labeled if they are in S at the time of the 3 H-TdR injection, and they remain purely "C-labeled if they are not in S at that time. Thus, only purely "C-labeled and double-labeled cells should be observed. However, surprisingly enough, quite a number of purely 3H -labeled cells were found. These cells must have entered the growth fraction during the time interval between the end of the continuous infusion with "C-TdR and the 3H-TdR injection. Thus, for the first time, we were able to show experimentally a transfer of cells from the nongrowth fraction to the growth fraction. That means glial cells proliferate with a permanent exchange of cells between the growth fraction and the nongrowth fraction. Obviously, in the adult untreated mouse, glial cells sporadically enter the growth fraction, divide several times, and then leave the growth fraction again. For details see Korr (1980) .
Studies on the Role of Vincristine in the so-called Synchronization Therapy of Tumors
This is a quite different example of the applicability of the double-labeling method using 3H-and 14C-TdR. This method enables us to study the effect of cytotoxic drugs on cells in different cycle phases under in vivo conditions. This will be demonstrated for vincristine (VCR). VCR plays a role in the so-called synchronization therapy of tumors. This therapy is based on the fact that most cytotoxic drugs exhibit their strongest cytocidal effect on cells in a specific cycle phase.
Consequently one tries to increase the therapeutic effect on tumors by collecting cells in the sensitive cycle phase, i.e., by synchronizing cells in vivo. Klein and co-workers (1970 Klein and co-workers ( , 1972 Klein and co-workers ( , 1974 Klein and co-workers ( , 1976 Klein and co-workers ( , 1978 tried to arrest cells in mitosis by a small dose of VCR, assuming that after the release of the mitotic arrest the cells pass more or less synchronously to the next S phase when an S phase specific drug is applied. In former experiments we were able to show that such an in vivo synchronization of cells cannot be achieved by VCR . This is due to the way in which VCR acts. In order to elucidate the mechanism by which VCR acts, we first studied the effect of VCR on cells in the different cycle phases. Studies of the effect of drugs on cells in different cycle phases require synchronized cell populations and therefore could only be carried out in vitro with cell cultures where synchronization can be achieved quite easily. Transferring those studies to in vivo conditions was not possible, since there is no suitable method for an in vivo synchronization of cells. However, with the double-labeling method it is possible to study the effect of cytotoxic drugs on cells in different cycle phases without synchronization in the usual sense. This method yields 11 pseudosynchronized" cell populations by producing groups of differently labeled cells with small, well-defined differences in cell age.
The pertinent experiments were carried out on the jejunal crypt cells of the mouse. The results are shown in Figure 7 . Mice received an initial injection of "C-TdR and 1 hr later a second injection of 3 H-TdR, thereby creating a 1 hr wide subpopulation of purely 3 H-labeled cells in the beginning of S.
If the passage of these purely 3 H-labeled cells through the cycle is followed autoradiographically and VCR is injected when these cells are in different cycle phases, the effect of VCR on cells in the different cycle phases can be studied. In the lower part of Figure 7 , the S and G2 phase and mitosis for the jejunal crypt cells of the normal mouse are schematically depicted. Half an hour after double labeling the animals received VCR and were then killed at various succeeding time intervals. In this way, the purely 3H-labeled cells were always in the beginning of S at the time of VCR injection. The rectangles on the left-hand side of Figure 7 represent schematically the position of the purely 3H-labeled cells when the VCR was given. The rectangles on the right-hand side of Figure 7 mark the position of the purely 3 H-labeled cells when the animals were killed. The hatched column stands for mitosis in the normal mouse without VCR. On double-coated autoradiographs the purely 3H-labeled mitoses and necrotic cells were counted as a percentage of all cells as a function of time after double labeling. As can be seen in Figure 7 , no purely 3H-labeled mitoses or necrotic cells appeared prior to when purely 3 H-labeled cells should reach mitosis in the normal animal without VCR. As soon as such cells would normally be in mitosis, purely 3 H-labeled arrested metaphases appear. In experiment VIII, when the purely 3 H-labeled cells would normally have passed mitosis, the number of purely 3H-labeled metaphases has further increased. These results clearly show that those cells that are situated in the beginning of the S phase at the time of VCR injection pass through the cycle and reach mitosis in due time, however, they then become arrested in metaphase. After some delay purely 3H-labeled necrotic cells appear.
In the same manner we could study the effect of VCR on cells of any other cell age, if we inject VCR when the purely 3 H-labeled cells are situated in other cycle phases or well-defined parts of these phases. We carried out such experiments and found that all cells that are in S and G 2 at the time of VCR injection are arrested during the next mitosis, while all cells that are in G, pass normally through mitosis. For details seeJellinghaus et al. (1977) and Basler (1979) .
However, in all these experiments one question remained unanswered: Do these arrested cells continue to proliferate at all? This is the vital point, since proliferation is the prerequisite for synchronizing cells in vivo. We were able to resolve this question by double labeling. Figure 8 depicts the experimental design schematically. Mice with the JB-1 ascites tumor received simultaneously 3H-TdR and a small dose of VCR (0.025 µg/g body weight) at time zero. Three hours later 14C-TdR was injected. This leads to 3 hr wide subpopulations of purely 3 H-labeled and purely "C-labeled cells in G 2 and at the beginning of S. The scheme in the lower part of Figure 8 shows the position of those cells that will be differently labeled, when at time zero, the VCR is injected. Those cells that will be purely 3H-labeled are situated within the last 3 hr of S at the time of VCR injection, those cells that will be double-labeled are in S minus the last 3 hr, and the purely 14C-labeled cells are within the last 3 hr of G, phase. The time scale at the bottom shows how many hours later the differently labeled cells will reach mitosis.
This double labeling method makes it possible to differentiate cells that are in different cycle phases at the time of VCR administration and to follow their fate. In a certain sense, the cycle is divided into 4 differently labeled portions (purely 3 H-, purely "C-, and double-labeled and unlabeled) by this double labeling method. On double-coated autoradiographs, the differently labeled interphase cells, mitoses, and necrotic cells were counted as a percentage of all cells as a function of time after VCR administration. Figure 9 depicts the results.
The group of unlabeled cells consists of those cells that were in G2 and in G l minus the last 3 hr at the time of VCR injection. The unlabeled G2 cells enter mitosis during the first 3 hr and form an early peak of unlabeled arrested metaphases. The percentage of unlabeled arrested metaphases decreases between 4 and 9 hr to 0%. Simultaneously the percentage of unlabeled necrotic cells increases to 9%, which corresponds to the number of G2 cells predicted by the frequency distribution of the JB-1 cells throughout the cycle. This means that cells that were in G2 at the time of VCR injection become arrested during the next metaphase and subsequently become necrotic. This is supported by the fact that no unlabeled ana-or telophases are observed. The unlabeled G t cells that were in G, minus the last 3 hr at the time of VCR injection are expected to reach mitosis after 22 hr. In fact, from 19 hr until the end of the experiment normal unlabeled meta-as well as
Hours after VCR and 3H-TdR injection ana-and telophases were observed. Thus, it can be concluded that those cells situated in early and mid G, phase at the time of VCR injection pass through the next mitosis normally. The purely 3H-labeled cells that were situated within the last 3 hr of S at the time of VCR injection are first registered as purely 3 H-labeled interphase cells. They enter mitosis 1 hr later and are all arrested in metaphase. No purely 3H-labeled ana-and telophases were observed. From 7 hr on the percentage of purely 3 H-labeled metaphases decreases. Simultaneously, the percentage of purely 3 H-labeled necrotic cells increases to about 10% and then slowly decreases. The rate of the decrease of the sum of purely 3H-labeled nonnecrotic cells and the rate of increase of the purely 3 H-labeled necrotic cells is about the same. This shows that all cells that were situated within the last 3 hr of S at the time of VCR injection are arrested during the next metaphase and subsequently become necrotic.
The purely "C-labeled cells that were situated within the last 3 hr of G, at the time of VCR injection pass wholly unaffected through mitosis in due course. No purely "C-labeled arrested metaphases or necrotic cells were seen. Thus, these cells are not damaged by VCR.
Things are more complicated with the double-labeled cells.
Those double-labeled cells that initially enter mitosis are arrested in metaphase. However, 13 hr after VCR injection first time double-labeled ana-and telophases were observed. This means that normal mitoses was occurring from that time on. A quantitative evaluation showed that 35% of the JB-1 cells become necrotic after VCR injection. A comparison with the frequency distribution of the JB-1 cells throughout the cycle leads to the conclusion that these are all cells that were in G2 and the last 2/3 of the S phase at the time of VCR injection.
That means these cells are arrested during metaphase and all arrested cells subsequently become necrotic. For details see Camplejohn et al., (1980) . These results show that there is no "synchronization therapy" with VCR, since cells that are lethally damaged by VCR do not need to be killed a second time by another cytotoxic drug.
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